laboratory investigation J neurosurg spine 25:720-726, 2016 T he effects of adding an interbody implant to posterolateral fusion in the treatment of spinal disorders have been studied extensively. Some of the reported advantages include increased fusion rates and decreased revision surgeries. 15 The reported disadvantages include increased complication rates and increased blood loss. 18 Several techniques have been described for interbody fusion, such as posterior lumbar interbody fusion (PLIF), anterior lumbar interbody fusion (ALIF), and transforaminal lumbar interbody fusion (TLIF). obJeCtive Lateral lumbar interbody fusion (LLIF) has emerged as a popular method for lumbar fusion. In this study the authors aimed to quantify the biomechanical stability of an interbody implant inserted using the LLIF approach with and without various supplemental fixation methods, including an interspinous plate (IP). MethoDs Seven human cadaveric L2-5 specimens were tested intact and in 6 instrumented conditions. The interbody implant was intended to be used with supplemental fixation. In this study, however, the interbody was also tested without supplemental fixation for a relative comparison of these conditions. The instrumented conditions were as follows: 1) interbody implant without supplemental fixation (LLIF construct); and interbody implant with supplemental fixation performed using 2) unilateral pedicle screws (UPS) and rod (LLIF + UPS construct); 3) bilateral pedicle screws (BPS) and rods (LLIF + BPS construct); 4) lateral screws and lateral plate (LP) (LLIF + LP construct); 5) interbody LP and IP (LLIF + LP + IP construct); and 6) IP (LLIF + IP construct). Nondestructive, nonconstraining torque (7.5 Nm maximum) induced flexion, extension, lateral bending, and axial rotation, whereas 3D specimen range of motion (ROM) was determined optoelectronically. resUlts The LLIF construct reduced ROM by 67% in flexion, 52% in extension, 51% in lateral bending, and 44% in axial rotation relative to intact specimens (p < 0.001). Adding BPS to the LLIF construct caused ROM to decrease by 91% in flexion, 82% in extension and lateral bending, and 74% in axial rotation compared with intact specimens (p < 0.001), providing the greatest stability among the constructs. Adding UPS to the LLIF construct imparted approximately one-half the stability provided by LLIF + BPS constructs, demonstrating significantly smaller ROM than the LLIF construct in all directions (flexion, p = 0.037; extension, p < 0.001; lateral bending, p = 0.012) except axial rotation (p = 0.07). Compared with the LLIF construct, the LLIF + LP had a significant reduction in lateral bending (p = 0.012), a moderate reduction in axial rotation (p = 0.18), and almost no benefit to stability in flexion-extension (p = 0.86). The LLIF + LP + IP construct provided stability comparable to that of the LLIF + BPS. The LLIF + IP construct provided a significant decrease in ROM compared with that of the LLIF construct alone in flexion and extension (p = 0.002), but not in lateral bending (p = 0.80) and axial rotation (p = 0.24). No significant difference was seen in flexion, extension, or axial rotation between LLIF + BPS and LLIF + IP constructs. ConClUsions The LLIF construct that was tested significantly decreased ROM in all directions of loading, which indicated a measure of inherent stability. The LP significantly improved the stability of the LLIF construct in lateral bending only. Adding an IP device to the LLIF construct significantly improves stability in sagittal plane rotation. The LLIF + LP + IP construct demonstrated stability comparable to that of the gold standard 360° fixation (LLIF + BPS). 
Biomechanical results with an interbody implant inserted using the ALIF approach have been controversial, with some studies suggesting that the interbody implant alone does not provide strong segmental stability in extension, axial rotation, or lateral bending, and that posterior supplemental fixation may be necessary to achieve good stability. 21, 23, 30, 33, 38 When comparing interbody implant insertion using an anterior versus a lateral approach, several authors have shown the destabilizing effect of sectioning the anterior longitudinal ligament. 17, 18, 34, 40 Other biomechanical studies have shown the destabilizing effect of facetectomy/hemifacetectomy (unilateral or bilateral) used for posterior approaches, such as TLIF/PLIF. 14, 16, 46 Sohn et al. 37 and Tsantrizos et al. 42 demonstrated the effects of geometry and the size of implants on spinal stability, and they concluded that rectangular and large interbody implants produce better results than cylindrical and small implants by capturing the periphery of the endplate, which is stronger than the core area. Similarly, in a retrospective study of 53 patients, Subach et al. 39 reported that a wider implant placement significantly reduced the amount of subsidence compared with a conventional narrower placement. Although further studies are needed to assess the biomechanical properties of interbody implants in vivo, the combination of these results led to the hypothesis that a large rectangular interbody implant, inserted with preservation of the anterior longitudinal ligament, could offer improved biomechanical performance over alternative lumbar interbody fusion techniques (i.e., ALIF, TLIF, or PLIF).
A variation of the lateral retroperitoneal surgical approach to the lumbar spine, called lateral lumbar interbody fusion (LLIF), has gained favor as an alternative to achieve fusion, either with or without secondary instrumentation. 1, 4, 10, 11, 19, 22, 26, 28, 45 This approach uses advanced lighting and retraction systems to minimize the exposure and soft-tissue damage that occur in the lateral retroperitoneal approach. Relatively few biomechanical studies have evaluated the stability of an interbody fusion construct with and without additional anterior or posterior instrumentation inserted using this approach. 2, 5, 12, 13, 31, 32 This study aimed to evaluate the stability of an interbody fusion construct by using the LLIF approach with and without supplemental pedicle screw-rod, anterolateral plate, and/or interspinous plate (IP) instrumentation. We hypothesized that the large footprint of the interbody implant used in the LLIF approach may provide a biomechanical advantage toward creating a favorable, stable environment for bone fusion.
Methods
Seven unembalmed human cadaveric L2-5 specimens were studied. The donor age ranged from 40 to 73 years (median 58 years); 6 were female and 1 was male. Specimens were carefully cleaned of muscle tissue without damaging any ligaments, discs, or joint capsules. Plain film radiographs were obtained, and any available medical history was inspected to ensure that no specimen had any obvious radiographic flaws, visible flaws, or flaws noted on patient history (especially metastatic disease, osteophytes, disc narrowing, or joint arthrosis). Wood screws were inserted in various locations in the exposed L-5 endplate, and facet articulations and screwheads were embedded in a molded block of polymethylmethacrylate for rigid attachment to the base of the testing apparatus. Similarly, screws were inserted in the exposed L-2 endplate and facet articulations, and these in turn were potted in polymethylmethacrylate for mechanical application of loads.
Although the interbody implant tested in this study is intended to be used with supplemental fixation, the implant was also tested without supplemental fixation to allow a relative comparison of these conditions. The L3-4 angular range of motion (ROM) of each test specimen was evaluated in the following fixation configurations. 1) Intact condition. 2) Interbody implant using LLIF approach (LLIF construct). 3) Interbody implant plus unilateral pedicle screws (UPS) and rod using LLIF approach (LLIF + UPS construct). 4) Interbody implant plus bilateral pedicle screws (BPS) and rods using LLIF approach (LLIF + BPS construct). 5) Interbody implant plus lateral screws and lateral plate (LP) using LLIF approach (LLIF + LP construct). 6) Interbody implant plus LP plus IP using LLIF approach (LLIF + LP + IP construct). 7) Interbody implant plus IP using LLIF approach (LLIF + IP).
In the testing sequence, the order of steps 3 and 4 was reversed in 3 of 7 specimens to help mitigate potential bias due to testing order. To obviate the need to interrupt testing to remove the specimen from its upright mounting on the test frame for pedicle screw-rod instrumentation and lateral screw-plate application, we inserted pedicle and lateral screws before step 2 but left them disconnected from rods and plates (Fig. 1) . Such treatment was not thought to have any relevant effect on biomechanical outcomes, because screws independent of rods and plates should not restrict motion or loosen in any significant way. If there were some unanticipated effect from the independent pedicle or lateral screws, it would be controlled for by having the screws in place for each of the testing directions that followed for all specimens.
The interbody implant used in the LLIF approach (CLYDESDALE Spinal System; Medtronic, Inc.) was available in heights ranging from 8 to 16 mm and widths ranging from 40 to 60 mm. Fluoroscopy was used to select the implant size in the same manner as would be done clinically, avoiding overdistraction of the disc space and selecting cage width so as to span the entire vertebral body width from left to right. The vertebral body was divided into 4 quarters from anterior to posterior in a lateral view, with the midpoint of the device placed within the second quarter. In the current study, interbody height varied from 10 to 14 mm and width varied from 50 to 60 mm. The pedicle screws used (CD HORIZON SOLERA Spinal System; Medtronic, Inc.) were 6.5 mm in diameter, with length ranging from 45 to 55 mm, depending on the size of the vertebral body. Screw length was selected in each specimen to span approximately two-thirds of the vertebral body. The trajectories of the pedicle screws were planned to permit the insertion of the lateral screws in the vertebral body for plate attachment. The lateral screws (CD HORIZON ENGAGE Plate System; Medtronic, Inc.) were inserted bicortically, parallel to the adjacent endplate and perpendicular to the sagittal plane. The screw diameter used was 6.5 mm, and length varied from 45 to 55 mm. For IP stabilization, the SPIRE Z (Medtronic, Inc.) was used (Fig. 2) . The IP wing length was 41 mm. For insertion of the IP, the interspinous ligament was punctured and the supraspinous ligament was preserved. The plate was clamped and locked around the spinous processes by using the provided hand tool.
In all conditions for each test group, an apparatus was used in which a system of cables and pulleys imparted nondestructive, nonconstraining torque in conjunction with a standard servohydraulic test system. 6 This type of loading is distributed evenly to each motion segment, regardless of the distance from the point of load application. 29 Loads of 7.5 Nm maximum were applied in the appropriate anatomical axes to induce 6 different types of motion: flexion, extension, left and right lateral bending, and left and right axial rotation. In each loading direction, 3 preconditioning cycles were applied at 7.5 Nm for 60 seconds each, after which the specimen was allowed to rest at zero load for 60 seconds. During the data collection cycle, the load was applied quasistatically in 1.5-Nm increments, with each incremental load held for 45 seconds, to a maximum of 7.5 Nm.
The 3D specimen motion in response to the applied loads during flexibility tests was determined using the Optotrak 3020 motion capture system (Northern Digital, Inc.). This system measured stereophotogrammetrically the 3D displacement of infrared-emitting markers rigidly attached in a noncollinear arrangement to each vertebra. Custom software converted the marker coordinates to angles with respect to each of the anatomical axes in terms of the motion segment's own coordinate system. 7 Spinal angles were calculated using a 3D technique that provides appropriate results for describing planar angles in the spine. 9 From the raw data, the angular ROM at the instrumented level was quantified to assess stability. For unidirectional lateral bending or axial rotation, ROM was quantified as one-half of the difference of angles at opposing maximum loads. The ROM was assessed unidirectionally during flexion and extension by quantifying it from the center of the lax zone (the subset of ROM representing the zone of ligamentous laxity). The angles representing the outer boundaries of the lax zone were determined by linearly extrapolating load-displacement data points from within the elastic region of loading (angles at 4.5, 6.0, and 7.5 Nm) to zero load. 8 Angular ROM data were statistically analyzed using a one-way repeated-measures ANOVA, followed by Holm-Šídák tests used to determine whether the mean outcome measures were significantly different among the intact and 6 different instrumented conditions. Angular ROM was also normalized by dividing the ROM in the instrumented condition by the corresponding ROM in the intact condition for an additional comparison among the constructs tested.
results Table 1 provides specimen-specific information, including sex, age, and intact testing ROM. The mean normalized instrumented-level ROM data are shown graphically in Fig. 3 for visual comparison of all fixation constructs and all directions of testing. The mean absolute angular rotation values (in degrees) for the same level over all fixation constructs and directions of testing are summarized in Table 2 . In all fixation conditions, the angular ROM was significantly reduced relative to the intact condition in all directions of loading (p < 0.001).
For the interbody implant performed using the LLIF approach without any secondary supplementation, the mean angular ROM was significantly reduced-to 67% of the intact ROM during flexion, 52% during extension, 51% during lateral bending, and 44% during axial rotation (p < 0.001). Adding a UPS (LLIF construct vs LLIF + UPS construct) significantly reduced the angular ROM further, specifically by 45% during flexion (p = 0.03), 46% during extension (p < 0.001), and 38% during lateral bending (p = 0.012). Axial rotation was reduced by 32%; however, this reduction was not statistically significant (p = 0.07). The subsequent addition of a pedicle screw on the contralateral side (LLIF + BPS construct vs LLIF + UPS construct) further reduced angular ROM by 51% in flexion, 30% in extension, 40% in lateral bending, and 31% in axial rotation; however, all these reductions were less than 0.7° and were not statistically significant. Of all the constructs tested, the LLIF + BPS construct was the most stable in all directions of loading ( Table 2, Fig. 3 ), resulting in angular ROM reductions of 91% in flexion, 82% in extension and lateral bending, and 74% in axial rotation compared with the intact level.
The addition of an LP and screws to the LLIF construct (LLIF construct vs LLIF + LP construct) significantly decreased angular ROM during lateral bending by 38% (p = 0.01), moderately but not significantly reduced ROM by 24% in axial rotation (p = 0.18), and had almost no influence on rotational stability during flexion and extension (Fig. 3) . In contrast, ROM with the LLIF + LP construct was equivalent to that with the LLIF + UPS construct during lateral bending and axial rotation (p > 0.60, Fig. 3 ), but ROM was 75% greater during flexion (p = 0.05) and 80% greater during extension (p = 0.002).
Adding an IP to the LLIF + LP construct (i.e., LLIF + LP + IP construct) demonstrated an overall reduction in angular ROM that was comparable to that of the LLIF + BPS construct, with no statistically significant differences between the two constructs during any direction of loading (p > 0.16). The angular ROM with the LLIF + LP + IP construct was significantly reduced versus the LLIF + LP construct-by 70% during flexion (p = 0.003) and by 60% during extension (p < 0.001); but ROM was equivalent during lateral bending and axial rotation (p > 0.35). After removal of the LP and screws (LLIF + LP + IP vs LLIF + IP constructs), the angular ROM significantly increased during lateral bending by 67% (p = 0.01), moderately increased by 31% during axial rotation, and remained almost unchanged during flexion and extension.
Discussion
In 2001, LLIF was introduced as a modification to the retroperitoneal approach, in which a powerful light system, new retractors, and electromyography were combined in a minimally invasive procedure that allowed the insertion of an interbody implant through the lateral aspect of the intervertebral disc space. 32 Several clinical studies involving LLIF have been reported in the medical literature, including more than 1700 patients with good outcomes and low complication rates. 1, 10, 11, 20, 22, 27, 35, 36, 41, [43] [44] [45] To date, biomechanical studies evaluating the performance of LLIF have generally demonstrated improved stability with LLIF compared with other lumbar interbody fusion procedures, improved biomechanical performance with an interbody implant placed using the LLIF approach without supplemental fixation compared with the intact condition, and further significant improvements in LLIF construct stability following the application of supplemental fixation. 2, 3, 5, 12, 13, 21, 31, 32 In addition to investigating the biomechanical effects of an interbody implant and an interbody implant supplemented with posterior screw instrumentation placed using the LLIF approach, the current study is one of very few to include both IP and LP supplemental fixation. The current study demonstrates the following outcomes. 1) Placement of an interbody implant using the LLIF approach without any supplemental fixation significantly decreased the ROM compared with the intact condition in all directions of loading. 2) Addition of BPS to the LLIF construct demonstrated the greatest ROM reduction versus all combinations of LLIF and instrumentation in all directions tested. 3) The LLIF + UPS construct had a performance that was intermediate between LLIF and LLIF + BPS constructs in all directions tested. 4) The LP demonstrated poor biomechanical performance during flexion and extension, significant support for the LLIF construct in lateral bending, and equivalent performance compared with LLIF + UPS in lateral bending and axial rotation. 5) The stabilizing potential of just an IP with the LLIF construct appeared poor during lateral bending, moderate during axial rotation, and good during flexion and extension. 6) The LLIF + LP + IP construct demonstrated biomechanical performance comparable to that of the gold standard LLIF + BPS construct.
The finding of significantly reduced ROM with an interbody implant placed using the LLIF approach without any supplemental fixation compared with the intact condition indirectly supports the underlying hypothesis that the LLIF approach offers a significant degree of inherent stability, probably derived from reduced tissue resection and a larger footprint of the interbody implant. Oliveira et al. 25 reported safe clinical efficacy using a spacer and an LLIF approach with recombinant human bone morphogenetic protein-2 for treatment of degenerative disc disease. This finding is also in general agreement with findings of previous in vitro biomechanical studies, but with some notable differences. As part of a recent biomechanical investigation, Basra et al. 2 compared an LLIF construct with LLIF + UPS and LLIF + BPS constructs. Whereas the current study demonstrated significant differences in all directions tested between the LLIF construct and the intact condition, Basra et al. found ROM reductions only in flexion-extension and lateral bending directions. Additionally, the ROM for the LLIF construct was no different from that of the LLIF + UPS construct in any direction in their study, whereas in the current study the LLIF + UPS construct reduced ROM in all directions except axial rotation. Similar to the findings of the current study, their results showed ROM differences between the LLIF construct and LLIF + BPS constructs for all directions tested.
With regard to LP fixation, Nayak et al. 24 biomechanically compared this condition to a BPS condition in a 2-level (L3-4, L4-5) LLIF setting. They reported significantly reduced ROM with the LLIF + BPS construct compared with the LLIF + LP construct in flexion-extension and lateral bending at both index levels. In comparison, the current study demonstrated a significant reduction in ROM for the same conditions in flexion and extension only.
Few previous biomechanical studies have evaluated the stability of an IP fixation device with or without supplemental fixation following the LLIF approach. Doulgeris et al. 12 compared LLIF, LLIF + IP, and LLIF + BPS constructs in L1-2 segments. Their study showed significant ROM reduction with the LLIF + IP construct versus the LLIF construct in flexion-extension and lateral bending, whereas in the current study the addition of the IP to the LLIF construct reduced angular motion only in flexionextension. Their study also reported no differences between LLIF + IP and LLIF + BPS constructs, whereas the current study demonstrated differences between the same conditions in lateral bending. Possible factors contributing to these differences include the use of single segments and a lower-end load limit of 5 Nm by Doulgeris et al., compared with L2-5 specimens tested to a 7.5-Nm load limit in all directions in the current study.
In a lumbar multisegment LLIF study, Fogel et al. 13 previously compared traditional UPS and BPS supplemental fixation with that of IP alone and with combined IP + LP constructs. Data from our current study agree closely with their findings, including the observation that supplemental IP or LP fixation alone or in combination with an LLIF construct does not produce stability comparable to that of the LLIF + BPS construct; however, application of IP + LP + LLIF creates a construct that is statistically equivalent to the gold standard. Compared with the LLIF + IP Limitations of the current study include the use of standardized comparative tests that do not replicate muscle activation and reflect acute stability only. Thus, additional device loading due to muscle force application and/or variations in patient tissue and bone quality may affect device performance in vivo. Additional and longer-term clinical studies are required to confirm the current findings in the clinical setting. Uncontrolled variables (e.g., differences in test specimens, surgical technique, implant design, and application of study protocols) may contribute to differences between the current and previous similar studies.
Conclusions
Biomechanically, the LLIF construct significantly reduced ROM in all directions of loading compared with the intact spine, indicating an inherent measure of stability with the approach alone. The addition of an LP did not increase the stability of the LLIF construct during flexion or extension. However, supplementing an LLIF construct with both LP and IP resulted in biomechanical performance similar to that of the gold standard LLIF + BPS construct in all directions of loading. Further biomechanical studies are warranted for comparisons among different lumbar interbody fusion techniques.
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